We report a Brillouin-based fully distributed and dynamic monitoring of the strain induced by a propagating mechanical wave along a 20m long composite strip, to which surface a single-mode optical fiber was glued. Employing a simplified version of the Slope-Assisted Brillouin Optical Time Domain Analysis (SA-BOTDA) technique, the whole length of the strip was interrogated every 10ms (strip sampling rate of 100Hz) with a spatial resolution of the order of 1m. A dynamic spatially and temporally continuous map of the strain was obtained, whose temporal behavior at four discrete locations was verified against co-located fiber Bragg gratings. With a trade-off among sampling rate, range and signal to noise ratio, kHz sampling rates and hundreds of meters of range can be obtained with resolution down to a few centimeters. 
Introduction
Fiber-optic sensing has already proven itself as an effective way to monitor strain and temperature in structural health monitoring (SHM), as well as in many security applications from border fences to oil and gas pipes. Recent studies have indicated that many of these applications (e.g., effective damage detection) can benefit from sensing, which is both spatially continuous and dynamic (a few hundred Hertz).
The leading fiber-optic sensing technique today utilizes Fiber Bragg Gratings (FBG) [1] . While FBGs are excellent sensors of both static and dynamic events, they have two main disadvantages: (i) They have to be written on the fiber, raising the sensor cost; (ii) Most currently available interrogators, relying on non-overlapping spectral reflections from the different FBGs, can handle only a relatively small number of multiplexed sensors on the same fiber, thereby making the sensing spatially discrete. While optical frequency domain reflectometry (OFDR) can handle many more spectrally overlapping FBGs on a single fiber [2] , the technique is currently limited in terms of range and speed. Sharing the same limitations are OFDR techniques which use Rayleigh backscattering to provide distributed sensing with the required spatial resolution [3, 4] . To achieve both high spatial resolution (~cm's) and fast sensing (100's Hertz) on a standard untreated fiber over practical ranges of 100's of meters, we turn our attention to a sensing technique, based on the nonlinear Brillouin scattering effect.
The Brillouin effect in optical fibers is now widely utilized for strain/temperature monitoring of quite a few structures such as long gas pipes, undersea electrical cables, tunnels and more [5] [6] [7] . The most common technique is Brillouin Optical time Domain Analysis (BOTDA) [6] , where a pump pulse wave, launched into one end of the sensing fiber, nonlinearly interacts with a counter-propagating CW probe wave launched from the fiber opposite side. By scanning the relative optical frequency between the pump and probe waves, the frequency of maximum interaction can be determined, from which the values of the local strain/temperature are extracted. Spatial resolution has been significantly improved recently, down to centimeters [8] [9] [10] [11] . While BOTDA can cover tens of kilometers, the method is very slow (seconds to many minutes). Recently, a few methods were developed to enable Brillouin dynamic sensing [12] [13] [14] [15] [16] [17] [18] . One of them is the slope-assisted (SA-BOTDA) [14] , which retains all advantages of the classical BOTDA while providing true distributed sensing over hundreds of meters of fiber, having an arbitrary longitudinal Brillouin profile. As in classical BOTDA each pump pulse generates information from the whole length of the fiber. With this technique sampling rates are limited only by the time-of-flight of light in the fiber, reaching 1MHz (100kHz) for a fiber total length of 100m (1km), before averaging. In this paper we apply the SA-BOTDA technique to the measurement of the dynamic strains associated with mechanical flexural waves along a 20m composite strip. Results are compared at a few discrete points with those of co-located fiber Bragg gratings (FBGs).
Method
We first measure the Brillouin Gain Spectrum (BGS) along the fiber under test using classical BOTDA. While normally maintaining its shape and width, the BGS position in frequency (with respect to that of the pump) may change along the fiber in response to changing strain and temperature conditions. In the SA-BOTDA technique we refer to the (frequency) center of the linear section of one of the slopes of the BGS of each segment along the fiber (as defined by the achievable spatial resolution) as that segment's 'working point', see Fig. 1 . In case the segment is vibrating, we pick the working point from the long-term average measurement of the segment BGS [19] . We then fix the frequency of the probe to that of the working point. Local dynamic strain will shift the local BGS to higher or lower frequencies by ~50MHz/1000µε for standard single mode fibers at 1550nm, thereby dynamically changing the local Brillouin gain experienced by the probe, Fig. 1 . The temporal gain increases or decreases, with respect to the gain at the working point, depending on the direction of the temporal BGS shift. The useful dynamic range for strain/temperature measurements depends on the frequency extent of the slope, which is of the order of the fullwidth-half-maximum (FWHM) of the BGS (or of the order of twice that number for slope phase interrogation [20] ). In practice, pump pulse widths longer than ~50ns provide a dynamic range of ~600µε, which increases for shorter pulse widths [21] , at the expense of shallower slopes (i.e., lower frequency-to-strain sensitivity). Due to the normally non-uniform distribution of static (or 'averaged') strain and temperature along the fiber, the optimal frequency of the working point is not fixed but rather location-dependent. These longitudinal variations pose no problem, as long as they are well contained within the extent of the linear slope, still leaving room on the slope for dynamic strain variations. Under this condition, the local dynamic strain at each spatial position along the fiber is derived by subtracting the mean gain from the measured one. If a larger dynamic range is required (due to larger variations of the static BGS distribution), shorter pump pulses can be used, widening the gain spectrum linewidth and its linear slop range, respectively. The more complex scenario, where the static variations exceed the extent of the slope, can be uncompromisingly handled by tailoring a special probe wave to fit the Brillouin profile of the fiber, as demonstrated in [14] .
The experimental setup
The focus of this paper is the real-time distributed measurement of mechanical waves propagating along a 20m long, 50mm wide, and 1.4mm thick high-modulus reinforced composite strip. Eighty five meters of a standard single-mode fiber (SMF-28) were used, of which 20m were attached to the upper surface of the strip under mild tension, Fig. 2 . With the purpose of verifying that the SA-BOTDA technique correctly measures the dynamic strain along the fiber we added another glued fiber, having four inscribed FBGs with stress free reflection peaks at 1535, 1544, 1550 and 1559nm (our FBGs did not have low enough sidelobes to allow them to be parts of the first fiber without interfering with the Brillouin-based sensing). The FBGs were measured by a commercial interrogator at a sampling rate of 1kHz. Strain values ( ε ) were deduced from the well-known relation:
where λ Δ is the strain-induced wavelength deviation from ( ) z λ , which is the resting value of the FBG peak reflection wavelength at z . For the SA-BOTDA method we used the setup of Fig. 3 . We first performed a classical BOTDA characterization of the resting strip by sweeping the optical frequency of the CW probe (in 1MHz steps) over the BGS while using 13nsec-wide pump pulses and a fast polarization scrambler. Two hundred and fifty measurements were made per interrogation frequency in order to average over noise and polarization. Figure 4 shows the measured Brillouin Frequency Shift (BFS, red), as well as the two mid-slope contours of the BGS (Fig.  1 ) along the Sample Under Test (SUT). These measurements indicate a rather uniformly strained fiber with a Brillouin width of ~80MHz, which is commensurate with a 13ns pump pulse width [6] . In the slope-assisted mode of operation of the setup, both pump and probe frequencies were constant and their difference was tuned (by the microwave signal generator) to sit on the middle of that slope of the BGS for which a positive strain gives rise to higher Brillouin gain (Figs. 1 and 4) . The SUT was interrogated at an effective (including averaging) rate of 100Hz by bursts of 13ns pump pulses, where each burst contained 250 pulses, launched with a repetition rate of 1MHz (allowing the interrogation of up to 100m long fiber). The intensity of the Brillouin amplified probe was detected by a photo-detector and digitized by a deep memory oscilloscope at a rate of 1GSamples/sec. To save memory, data collection was active only during the duration of the bursts, which occupied only 2.5% of the total time (250µs out of 10ms). Representing different realizations of polarization and noise, the 250 successive SUT interrogations of each burst were averaged to obtain one temporal measurement of the strain distribution along the strip.
Finally, equipped with the previously measured strain sensitivity of the fiber BFS, we dithered the probe frequency around the mid-slope point, while measuring the probe output intensity, thereby achieving the required conversion factor between strain and probe gain. With such a small distance variation of the −3dB contours, there is no need for a tailored probe wave, as in [14] , and a CW probe fixed frequency of 10.96MHz was used.
The flexural wave
A flexural bell-shaped mechanical wave was manually excited from the 0 z = end of the strip (Fig. 5(a) , Media 1), and propagated towards the other end, with an initial peak height of ~0.35m and a spatial width at half peak height of ~2m. Let ( , ) y z t denote the strip vertical displacement at distance z and time t . Neglecting tensile extension and shear deformation the local strain at the top surface of the strip, where the fiber is glued is given by [22] 
where w is the strip thickness. For simulation purposes a Gaussian shape of the displacement ( , ) y z t was used to model the mechanical wave with parameters (height and width) chosen to approximate those of the experiment. Its shape, together with the associated expected strain, ( , ) z t ε , appear in Fig. 5(b) . Note that the modeled spatial distribution of the strain is characterized by scales on the order of 1meter. Such scales will be easily resolved by ~1cm long FBGs. As for Brillouin sensing in basic BOTDA configurations, excluding those employing resolution enhancement techniques [8] [9] [10] [11] it is generally assumed that the spatial resolution is of the order of the pump pulse width. At 13ns this pulse width translates into 1.3m, which seems to be a bit too short to resolve the expected details. Therefore, a careful analysis of the current scenario was performed using a perturbation solution of the relevant electromagnetic and acoustic wave equations, described in detail in [9, 21] and modified to simulate the SA-BOTDA configuration. The analysis takes full account of all physical phenomena involved, including the finite phonon lifetime (6ns). Its only limitation is the assumption of weak Brillouin gain. With an observed velocity of the flexural wave of the order of 10m/s, we could safely assume a static scenario, where the Gaussian spatial distribution of the strain, centered, e.g., at 4m from the beginning of the strip, induces a corresponding spatial distribution of the BFS, using a conversion factor of 50MHz/1000µε. A square 13ns-wide pump pulse was launched into the fiber at the strip left hand side, see Fig. 2 . Strain information at distance z along the fiber was extracted from the time dependence of the probe power at the strip entrance using the conversion relation
where g V is the light group velocity and 0 t = is when the leading edge of pump pulse enters the strip. Figure 6(a) shows the spatial form of the Brillouin results (blue), together with the corresponding shape of the input strain (green). Clearly, the 13ns pump pulse only slightly reduces the positive and negative peaks of the strain wave, while preserving its overall shape. Note, however, that the Brillouin predicted spatial distribution of the strain appears to be delayed with respect to the true strain. Originating from the gradual buildup of the acoustic field in response to a square pump pulse [21] , this delay is a function of: (i) The phonon lifetime; (ii) The pump pulse width; and (iii) The choice of the time origin in the conversion of the Brillouin temporal signal into distance along the strip (choosing the trailing edge of the pump pulse as the time origin results in a negative delay). The nature of this function and signal processing techniques to alleviate this delay issue are under current research.
Assuming a stable flexural wave advancing at a velocity of 10m/s, the temporal dependence at a given distance of both the Brillouin results (blue), as well as the input strain, as would be measured by a short FBG (green), appear in Fig. 6(b) . The two techniques would produce similar results if temporal smoothing were applied to the FBG data (red curve in Fig.  6(b) ). All these observations have been experimentally confirmed, see below. Figure 7 shows the measured SA-BOTDA spatially and temporally continuous results as a function of both time and distance for the first 6 meters of the strip. We clearly see how the positive strains at the top of the wave turn negative at the leading and trailing edges. Also shown (black lines) are the temporal dependences of the strain, as measured at only four discrete locations by the FBGs. The column of four panels in Fig. 8(a) provides a closer comparison between the temporally aligned Brillouin and FBG results. Three curves are shown at each location: The Brillouin result (blue), the FBG results (low-pass filtered to 100Hz to remove noise; green), as well as smoothed versions of the FBG data over a time window of 50ms (red), mimicking spatially integrating 50cm long FBGs (assuming a wave velocity of 10m/s). Very nice agreement is achieved between the Brillouin and the smoothed FBG measurements. As predicted in Fig. 6 , the unsmoothed 1cm FBGs (green) offer better resolution than that of the Brillouin data at a pump pulse width of 13ns. However, the FBGs provide strain data only at their discrete locations, while the SA-BOTDA simultaneously produce a 2-D time and distance map of the dynamic strain, see Fig. 8(b) . In a second experiment, two mechanical waves were simultaneously launched at the two opposite ends of the strip (Fig. 10(a) , taken from Media 4), giving rise to two counterpropagating waves. Figure 10(b) , and also Media 5 quantitatively describes their courses of propagation, including the details of their collision. 
Measurements

Discussion and summary
We have demonstrated a practical utilization of the SA-BOTDA method for monitoring mechanical waves, propagating along a composite stip. A standard SMF-28 optical fiber was attached to the strip surface, enabling distributed and dynamic measurement of the strain along its length, at a sampling rate (for the whole strip) of 100 samples/sec and spatial resolution of ~1m. For more demanding measurements, where the measured dynamic strain changes much faster, the same system and setup can provide much higher sampling rates limited only by the time of flight through the fiber and signal to noise ratio considerations. Spatial resolution can be also improved, either by using shorter pump pulses or by employing one of the available methods for spatial resolution enhancement [8] [9] [10] [11] .
In summary, this reported demonstration opens the way to many applications albeit with an obvious trade-off between spatial resolution, sampling rate and available signal-to-noise ratio.
